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PREFACE

The Semiconductor Technology Program serves
to focus NBS efforts to enhance the perfor-
mance, Interchangeability, and reliabilicy
of discrete semiconductor devices and inte-
grated circuits through improvements in mea-
surement technology for use in specifying
materials and devices in national and inter-
nationai commerce and for use by industry in
controlling device fabrication processes.
Its major thrusts 2-e the deveiopment of
carefuliy evaluate. and weii documented test
procedures and associated technology and the
dissemination of such information to the
electronics community. Application of the
output by industry will contribute to higher
yleids, iower cc.t, and higher reliability
of semiconductor devices. The output pro-
vides a common basis for the purchase speci-
fications of government agencies which wiil
lead to greater economy in government pro-
curement. In addition, improved measurement
technolcgy will provide a basis for con-
trolled improvements in fabrication process-
es and in essential device characteristlcs.

The Program receives direct financial sup-
port principaliy from two major sponsors:
the Defense Advanced Research Projects Agen-

*
¢y (ARPA) and the National Bureau of Stan-

dards (NBS). In addition. the Program re-
ceives support from the Defense Nuclear Agen-

cy (DNA).s Air Force Space ~ad Missiies Sys-

.
tems Organization, and rhe Navy Strategic

Systems Project Office.’ The ARPA-supported
portion of the Program, Advancement of Reli-
ability, Processing, and Autcmation for Inte-
grated Circuits with the National Bureau of
Stindards (AKPA/1C/NBS), addresses critical
Defense Department problems in the vield,
reiiabiiity, and availability of digital mo-
nuiithic integrated circuits. Other portions
of the Program emphasize aspects of the work
wiiich relate t> the specific needs of the
supporting agency. Measurement oriented ac-
tivity appropriate to the mission of NBS is
an essential aspect in all parts of the Pro-
gram.

Essentiai assistance to the Prccram is also
received from the semiconductor industry
through cooperative experiments and techni-
cal exchanges. NBS in'cracts with industri-
al users and suppliers of semiconductor de-
vices through participation in standardizing
organizations; through direct consultations
with device and material suppliers, govern-
ment agencies, and other users; and through
periodically scheduled sympesia and work-

shops. In addition, progress reports, such
as ~his one, are regularly prepared for is-
suance in the NBS Special Publication 400-
sub-series. More detaiied reports such as
state-o.~the-art reviews, literature comp-
ilations, and summaries of technical efforts _
conducted within the Program a.e issued as -
these activities are completed. Reports of
this type which are published by NBS aiso -\

o e e e e e | L L

_—

appedr in the Speciai Publication 400- sub-
series. Announcements of availability of
all publications in this sub-series are sent
by the Government Printing Office to those
who have requested this service. A request
form for this purpose may be fou.d at the
end of this report.

Another means of infreraction with the elec- i
tronics community is by direct contact. In
particular, comments from readers regarding
the usefuiness of the results reported herein {
and relating to directions of future activity

in the Program are always welcome.

S
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Certain commerciaily avai’able materials or §
Instruments are identified ‘s this publica-
tion tor the purpose of providing a compiete
description of the work performed. The ex-
periments reported do not constitu*e a com-
plete evaluation of the performance charac-
teristics of the products so identified. In
no cas> does s .ch identification imply rec-
ommendation or endorsement by the National
Rureau of Standards nor does it impiy that
the j*ems identifiea are necessarily the
best available for the purpose.
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SEMICONDUCTOR MEASUREMENT TECHNOLOGY

PROGRESS REPORT
July 1 to December 31, 1975

Abstract: This progress report describes NBS activities directed
toward the development of methods of measurement for seuiconductor
materials, process control, and devices. Both fn-house aud contract
effcsts are included. The emphasis is on silizon device technologies.
Principal accomplishments during this reporting period included (1)
preliminary results of a systemaiic study of the effects of surface
proparation on spreading vesistance measurements; (2) develooment of an
optical test for surface quality of sapphire; (3) development of a
basis for an exposure sensitivity specification for photoresists; and
(4) development of a modular cell concept for test structure design
and layout., Alsc reported are the results of work on fcur-probe
resistivity measurements, comparison of techniques for surface analysis,
ion microyrobe 1:ass analysis, analysis of process chemicals with flame
emission spectrometry, redistribution profiles, thermally stimulated
current response of interface states, Llas-temperature stress test
measurements on MOS capacitors, a high voltage capacitance-roltage
method for measuring characteristics of thick insulator filiss, hy-
drogen chloride oxidation, ion implantation parameters, methyds for
determining integrity of passivation overcoats, measurement “f free
sodium in zu oxidacion furnace by resonu .e fluorescence, a tquare
array collector resistor test structure, an electrical alignment
test structure, two dimensional wafer maps, test pattern design and
analysis for silicon-on-sapphire MOS device tecanologles, a nouades-
tructive acousti/. emission test for beam-lead bonds, wire bond pull
test, bondability of doped aluminum metallizations, leakage into
double hermetic enclosures, a static expansion dry gas gross leak
test, correlation of moisture infusion in semiconductor packages
with leak size and device reliability, an automated scanning low-
energy electron probe, an optical flying-spot scanner, scanning elec-

tron micronscopy, scanning acoustic microscopy, and thermal resistance mea-

surements on power transistors and simple integrated circuits. Supple-
mentary data concerning staff, publications, workshops and symposia,
standards committee activities, and technical services are also in-
cluded as appendices.

Key Words: Acoustic emission; Auger electron spectroscopy; beam-
lead bonds; bias-temperature stress test; boron redistribution;
capacitance-voltage methods; dopant profiles; electrical properties;
electronics; fcur-probe method; hermeticity; interface states; ion
implantation; ion microprobe mass analysis; leak tests; measurement
methods; microelectronics; moisture infusion; optical flying-spot
scanner; passivation overcoats; photoresist; pull test; resistivity;
scanning acoustic microscope; scanning electron microscope; scanning
low energy electron probe; semiconductor devices; semiconductor mate-
rials; semiconductor process co~" 2l1; silicon; silicon dioxide; silicon
on sapphire; spreading resistance; test patterns; thermal resistance;
thermally stimulatd current; ultrasonic wire bonding; voltage contrast
mode; X-ray photoelectron spectroscopy.
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1. INTRODUCTION

This is a report to the sponsors of the Semi-

conductor Technology Program on work during
the twenty-ninth and thirtieth quarters of
the Program. It summarizes work on a wide
variety of measurement methods for semicon-
ductor materinls, process control, ard ae-
vices that are being studied at the Narional
Bureau of Standards. The Program, which em-
phasizes silicon-based device technolngies,
is a continuing one, and the results and
conclusions rcported here are subject to
nodification and refinement.

The work of the Program is divided into a
number of tasks, each directed toward the
study of a particular material or device
property or measurement technique. This
report is subJdivided according to these
tasks. Highlights of activity during the
quarters are given in section 2. Subse-
quent sections deal with each specific task
area. References cited are listed in the
final section of the report.

The report of each task includes a narrative
tescription of progress made during this re-
p'rting period. Additional information con-
ce'ning the material reported may be ob-
rained direccly from individral staff mem-
beis identified with zhe task in the report.

Background material on rae Program and in-
dividual tasks may be ‘ound in earlier prog-
ress reports as listed in Appendix B. From
time to time, publications are prepared that
describe some aspect of the program in
greater detail. Current publications of
this type are also listed in Appendix B.
Reprints or copies of such publications are
usually available on request to the author.

In additicon tutortal videotapes are being
prepared on selected measurement topics for
dissemination to the electronics community.
Currently available videotapes and procedures
for obtaining them on loan are also listed in
Appendix B.

Communication with the electronics community
i1s a critizal aspect both as input for guid-
ance in planning future program activities
and in disseminating the results of the work
to potential users. Formal channels for
such communication occur in the foim of
workshops and symposia sponsored or co-
sponsored by NBS. Currently scheduled semi -
nars and workshops are listed in Appendix C.
In addition, the availability of proceedings
from past workshops and seminars is indica-
ted in the appendix.

An important part of the work that frequent-
ly goes beyond the task structure is partici-
pation in the activities of various technical
standardizing committees. The list of per-
sonnel involved with this work given in Ap-
pendix D suggests the extent of this partici-
pation. In most cases, details of standard-
ization efforts are reported in connection
with the work of a particular task.

Technical services in areas of competence
are provided to other NBS activities and
other government agencies as they are re-
quested. Usually th(-e are short-term,
specialized services that cannot be ob-
tained through normal commercial channels.
To indicate the kinds of technology avail-
able to the Program, such services provided
during the current calendar year are listed
in Appendix E.
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2., HIGHLIGHTS

Highlights of progress in the various tech-
nical task areas of the program are listed

in this section. Unless otherwise identified
the work was performed at the National Bureau
of Standards.

Particularly significant accomplishments dur-
ing this reporting period included (1) pre-
liminary results of a systematic study of the
effects of surface preparatio. on spreading
resistance measurements; (”; development of
an optical test for surface quality of sap-
phire; (3) development of a basis for an ex-
posure censitivity specification for photo-
resists; and (4) development of a modular
cell concept tor test structure design and
layout.

Resigtivity — The range of validity of exist-
ing correction factors for measurement of the
resistivity of wafers with finite diameter by
the four-probe method was studied experimer-
tally for specimens of intermediate thickness.
The results of this study enable measurements
of resistivity on specimens in a range of di-
ameter and thickness not previously covered
by ASTM standards.

A systematic study of the effect of surface
preparation, surface orientation, probe ma-
terial, and probe condition on measured
spreading resistance was nearly completed.
The initial results suggest that there is no
significant dependence of the form of the
relationship between spreading resistance

and resistivity on probe material or condi-
tion; however, statistically significant dif-
ferences were observed petween wafers of var-
ious surface orientation and conductivity
type for all probe materials. In addition,
differences were observed between various
surface preparati n techniques.

Further work on che development of the high-
speed spreading resistance probe at RCA Lab-
oratories was concerned principally with the
problem nf excessive probe wear.

Physical Anal.cic Methcds — Comparison of im-
purity profiles measured by ion microprove
mass analysis, Auger electron spectroscopy,
and x-ray photoelectron spectroscopy showed
that in the absence of calibration standards,
only relative results could be obtained. Fur
ther, in the case of the latter two spectro
coples, difficulties were encountered in cal: -
brating the penetration depth so that both
the density and depth scales could only be
determined on a relative basis.

Develozment ot calibration standards for ion
microprobe mass analysis at Texas Instruments
cont {nued with characterization of machine
parameters, characterization of silicon wa-
fers to be used for specimen preparation, and
implantation of specimens with pnosphorus
dots.

Initial results of the ntudy of Auger elec-
tron spectroscopy, being conducted jointly by
Stanford University and Variaa Assoclates,
included observation of the desorption of
oxvgen by an electron beam on both silicon
dioxide and uisaturated silicon oxides and
the use of the chemical shift of the Auger

S1i transition to develop a model for the

KL

silicon-silicon dioxide interface. The lac.
ter data suggest that the microscopic mix-
ture mocel is preferred to the random bonding
model for unsaturated silicon oxJ es. In ad-
dition, results were obtained re’ iting to ion
penetration depth, ion stimulatec Auger tran-
sitions, and carbon contamination.

Sodium contamination in a varfety of materi-
als used for fabrication of semiconductor de-
vices was determined by means of flame emis-
sion spectrometry. This technique provides a
sensitive method for monitoring trace sodium
content in both solid and liquid materials.
No significant trends in sodium contamination
level were observed when the results obtained
were compared with the results published 2 to
7 vears ago.

Additional work on the rapid, nondestructive
infrared reflectance technique being devel-
oped at RCA Laboratories to determine the sur-
face quality of sapphire substrates has demon-
strated that there is correlation between the
infrared reflectance signal and the surface
roughness of a substrate.

Test Jtructure Arplications — The boron re-
distribution profile of an oxidized silicon
wafer was measured by means of the dynamic

M0S C-V deep depletion method; the experi-
mentally measured profile could be fitted by
that derived theoretically if appropriate val-
ues of the boron diffusion and distribution
coefficients were chosen.

The thermally stimulated current response of
the energ. states found at the oxide-silicon
interface of an ».-type MOS capacitor were ~b-
served. The response can be modeled by a con-
tinuum of energy levels in the forbidden gap
of silicon, but no detailed analysis was un-
dertaken.
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Con,arison of flat band voltage shifts ob-
tained by means of the bias-temparat:ure
stress tast bafore and after electron becm
irradiation without bias suggests that there
is a correlation between the shift dur to
radiation aad the mobile charge density in
the oxide and rhat irvadiation does not a»-
pear to affect the density of mobile cherge,
No further work on the bias-temperature
stress test is planned.

Further instrumental improvements were made
in tha extended-range high voltage capaci-
tance apparatus being developed at RCA Labor-
atories to measure capacitance-voltage char-
acteristics of thick insulators. The previ-
ously incorporated bjias protection circuitry
was shown to be effective in preventing dam-
age to the capacitance meter following break-
down of the specimen.

Materiale and Procedures for Wafer Procees-
ing — In connection with the development of
qualification procedures for oxidation fur-
naces, a tunable dye laser has been used to
detect, by means of resonance fluorescence,
sodium in an open quartz tube oxidation fur-
nace operated at 1000°C. The detection limit
for free sodium was estimated to be approxi-
mately 5 x 105 ca~3. A sodium density of
about 2 x 107 cm=? was observed in an inten-
tionally contaminated furnace; preliminary
analysis suggests that much more sodium is
present in other forms than is present as
free sodium and that, even with its great
sensitivity, the resonance fluorescence tech-
nique may be inadequate for monitoring sodium
contamination during oxidation.

Data collection continued in connection with
the study of ion Implantation parameters at
Hughes Research Laboratories. The character-
istics and limitations of the Schottky bar-
rier capacitance-voltage technique for mea-
suring implanted profiles were investigated
for various experimental conditions. Addi-
tional data were collected on profiles for

a number of impurities; preliminary data
were obtained on the sensitivity of the pro-
file to the angle of incidence and crystal-
lographic direction. In additi-~n, initial
experiments related to measurement of total
dose were carried out with emphasis on the
study of suppression of secondary electron
emission; these results will be reported in
detail at a later date.

In the study of methods for measuring the in-
tegrity of passivation overcoats at RCA Lab-
oratories, optimum etch conditions were es-

n—m\-ﬁ.m“ T ———— .

tablished for use with the selective chemical
etch method, nonluminescing materials were
found to be less suitable than luminescing
materials for defict decoration, and the coro-
na decoration method was shown to be superior
to the more commonly employed electrophoretic
cell method.

In the study of mechods for characterizing
process chemicals, being conducted at Penn-
sylvania State University, c lculations of
the equilibrium partial pres.ures of the
various specles in the chlorine-hydrogen-
oxygen system was carried out. The effect
of the presence of excess water vapor was
2iso investigated. Crmparison with pub-
lished experimental d:ta suggests that the
chlorj.e pressure is the critical parameter
and that it can be controlled by a combina-
tion of th> amount of added hydrogen cihlo-
ride gas and the water vapor concentration.

Photolithography — An analysis of the photo-
resistance exposure process wus undertaken to
establish a basis for specification of expo-
sure sensitivity. The results suggest that a
set of material-related parameters can be
used to determine the speed of photoresist
materials appropriate to a particular expo-
dure apparatus.

Analysis of automated methods for inspecting
photomasks was completed at Lawrence Livermore
Laboratories; a report on this work is being
prepared. Preliminary evaluation of a dif-
fraction-based optoelectronic metirod for mea-
suring small dimensicns was completed at Rec-
ognition Systems, Inc. In this work, which
will be reported in detail at a later date,
it was shown that resolution comparable with
that obtained in the scanning el.ctron micro-
scope could be achieved wit!.our the necessity
of a vacuum chamber.

Theoretical studies b-va been initiated on

the effect on the aajacent line on line-width
measurements with an cptical microscope used
in the conventional fashion. In addition,
work has been initiated on application of the
spatial filtering technique to line-width mea-
surement with an optical microscope. Prelim-
inary results have been obtained in both stud-
ies and detailed reports are being prepared.

Teet Patterns — The squsre array collector
resistor test structure was analyzed to de-
termine correction factors for use when the
backside of the structure is conducting. It
was found that the correction can be ignored
for most cases of practical interest.
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An electrical test structure was designed for
the purpose of evaluating the amount of mis-
alignment between emitt¢er and base regions in
a bipolar process.

Investigation of modular concepts for test
structure design and test pattern layout led
to the selection of # rectangular cell with a
2 by 10 probe pad array as the basis for stan-
dardization. Modularizatior. of the pattern
in the cells is crucial to the testing vtrai-
egy and permits standardization of the entiru
test structure design including probe pads
and metallization runs. In order to imple-
ment these concepts in connection with a spe-
cific integrated circuit technology, a T2L
teat pattern which includes a simple NAND
gatc is teing designed and fabricat»d.

Computer programs were developed to permit
the display of the gecmetrical variation of
perameters obtained from measurements cn test
structures as whole wafer density maps. The
progren permits interpolation of data between
actually measured points which facilitates
the interpretation of the wafer map.

The design of the test structures for use in
the test pattern being developed at RCA Lab-
oratories for SOS/LSI technology was com-
pleted and fabrication of the mask set was
initiated.

Interconnection Bonding — Procedures were re-
fined for fabricating beam-lead devices with
a2 few weak bonds for use in studying the non-
destructive acoustic emission test for eval-
uvating the quality of beam-lead bonds. In
addi:ion, several instrumental changes were
made to improve detection sensitivity. In
the course of this study, a novel method was
developed to determine the downward force
necessary to produce threshold deflections of
a bonded beam-lead die.

A study showed that there is no dependence of
the aeasured pull strength on the rate of
pull of ultrasonic gold wire bonds. A simi-
lar result had been obtained previously for
ultrasonic aluminum wire bonds, but verifica-
tion for gold wire was desired to increase
the scope of a pull test method being devel-
oped by ASTM Committee F-1 on Electronics.
During this study it was found that a double
deep-grooved bording tool was most suitable
for making ultrasonic bonds with fine gold
wire.

The suitability of silicon- and copper-doped
aluminum metallizations for ultrascnic bond-
ing of aluminum ribbon a-.d round wire was

determined. A satisfactory bonding schedule
could be developed for all metallizations
studied; as with pure »luminum metallization,
it was found that ribbon wire exhibited a
higher pull strength for a broader range of
bonding conditions than round wire.
hermeticity — An analysis was mede of the in-
fusion of dry gas into a hermetic double en-
clogsure with specified leak sizes in each
container. It was found that simply sur-
rounding vne hermetic enclosu.e by another
does not assure nermetic improvement, al-
though it is obviously a protection against

a badly leaking inner enclosure. Significant
enhancement was obtained only if the ieak
size in the outer enclosure was less than 10
times that of the inner enclosure or if the
free volume of the outer enclosure was at
leust 10 times that of the inner one.

The dry gas, static-expansion, differential-
fressure gross leak test was analyzed to de-
termine the relationship between the meter
indication and leak size in the device under
test. It was found that the leak size is re-
lated to the rate of rise of the meter indi-
cation at very early times and that the in-
ternal free volume of the device under test
is related to the equilibrium indication.

The initial effort on moisture measurements
in integrated circuit packages was completed
at Marcin Marietta-Orlando. Preliminary cal-
ibrations were run on the dew point sensors
and an instability of the microvent leaks
which was observed under pressure was cor-
rected by modifying the design.

Device Inspection and Test — The automated
scanning low energy electron probe, being de-
veloped at the Naval Research Leboratory, was
appl’ed to the study of wafer defects. Evi-
dence of both surface contamination and crys-
tal defects was observed, but additional work
will be necessary to permit detsiled correla-
tion of the observations with appropriate
causes.

The photoresponse of the substrate diode of
an integrated circuit to low-power 1,15-um
laser irradiation was calibrated in terms of
device temperature as an additional example
of the usefulness of the optical rlying-spot
scanner for thermal mapping. Significant de-
viations from the curve predicted by simple
theory were observed at temperatures sbove
about 75°C.

Tests of the cylindrical secondary electron
detector intended to improve the sensitivity
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of the scanning electron microscope in the
voltage contrast mode showed that the voltszz
sensitivity was substantially improved. How-
ever, an it is presently constructed, the
spatial resolution of this detector is inade-
quate for use in examining integrated cir-
cuits; addirional modifications are not
planned at the present time.

Studies o” scanning acoustic microscopy as a
technique for the inspection of semiconduc-
tor devices and intzgrated circuits :ere iai-
tiated at Hughes Kesearch Laboratories and
Stauford University. This technique has

been shown to have 2-um resolution and it isg
thought to be capable of observing subsur-
face defects.

Thermal Properties of [evices — It was found
that the clectrical switching transients

which occur on switching a transistor out of
the quasi-saturation mode do not permit ac-

curate measurements of thermal resistance to
be made using the standard emitrer-only
switching technique. This mode of operation
occurs in some devices under the high cur-
rent, low voltige conditions often used for
making thermal resistance measurements.

A study f several techniques for measuring
thermal r'sistance of integrated circuits

was completed. It was found that the for-
ward voltage of the collector-substrate iso-
lation junction is not &« satiafantory tem-
perature sensitive parameter for determining
the peak temperature of sn integrated circuit.
Peak temperature determination by electrical
means appears to be possible only if the heat
generating element is accessible at the pins
of the circuit. The sensitivity of the for-
ward voltage of the isolation junction as

the temperature sensitive parameter for de-
termining the quality of the die attach of
integrated circuits remains to be evaluated.

PR NG PRI . . e
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5, RESISTIVITY

3.1. Four-Probe Method

Resistivity measurements by the four-probe
method are covered by ASTM stenderd test
methods only if the slice thickness 1is less
than the probe specing (1] or 1if it is
greeter than four times the probe speciig
{2). Slices with thickness between one and
four times ~he probe spacing are frequently
used for production control of silicon crvs-
tal g wth and for espreading resistance ¢ 1i-
bration sets. This task was undertaken to
identify approprisre geometrical correction
factors for use in this renge.

Geometrical correction factors in these stan-~
dards are derived from the basic equation for
resistivity, p, measured with a collinear,
equally-spaced, four-probe arrsy [3]:

v
p = 2ng 1 (1)
where V is the potential di{fference between
the inner pair of prodes, I is the current
between the outer peirs of probes and s is
the spacing between adjacent probes. The
ASTM method for four-probe measurements on
semi-infinite solids [2) requires the use of
no correction fsctors for geometry; eq (1)
is corrected only fcc non-uniform probe
spacing and for temperature variation of
resistivicy:

v
- F ~
e = 2nsF Fo 7. (1a)
where F.p =1 ~1.25[1-(85/8)). 87 is the

spacing between the inner two probes, s is
the average pi»“e spacing, FT =] - CT(T—23).

CT is the temperature coefficient of resis-

Table 1 — Values of the Correction Factor
G,(w/s) for Finite Specimen

Thickness
w/s Go(w/s)
1.000 1.5045
2.000 1.092°
3.000 1.0306
4.000 1.0134
5.000 1.0070
6.000 1.0041
7.000 1.0026
8.000 1.0017
9.000 1.0012

10.000 1.0007

m__. R

tivity (1}, aad T 1is the tempereture, in de-
grees Celsius, of the specimen et the time
of meesurement. In this method it is stated
that the naximum error fatroduced by geo-
metricel coffects is less than 2 percert if
the thicknesa of the specimer and the dis-
tence from any probe to the neerest point

on the edge are at least four times the
probe spacing.

Veldes (3] derived, from the method of
images, e factor, G7(w/s) to correct eq (1)
for finite thickness, w:

2ng V
* T Giw/e) T (26)
where G;(w/s) is tabulsated in table 1. 1In
the limit of a very thin sheet, G,(w/s) ap-
proaches the value of (2s/w) 1ln2 and the re-
sistivity becomes

S [N 4 2
LTy I (2

Smits [4) has reported an equivelent factor,
F(w/s), calculated from formulae given by
Uhlir [5), to correct eq (2) for finite vel-
ues of w:

b = 1oy v F(W/e) ¥, (20)

where F(w/s) = 2 1n2 s/[w Gy(w/s)]. For 0 <
w < (8/2), F(w/s) lies between 1.0000 and
0.9974.

Smits {4) also calculated a factor, C, to
correct eq (2) for measurements at the center
of a circular specimen of finite diameter:

b mvC T, (2b)

C has the value 7/1n2 = 4.532 in the
" infinite diameter.

1 method for four-probe resistivity
ements on circular slices (1] assumes
that correction fectors F(w/s) and C* can be
combined multiplicatively provided that
w £ 8 and the diameter, d > 10s:

o = wC F(w/s) % . (2¢)

“The factor C is designated F; in ASTM Method
F 84,

VR T R a e
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The method s1so provides other multiplicative
correction factors to azcount for non-uniforw
orobe spacing and for temperature variation
of resistiv.ty:

v
P wC F(w/s) F.pPT T (2d)

where in this cage Fap =14+ 1.082[1-(s,/8)].

Thus the regime & < w < 48 1s not covered by
either standard method. Since analytical de-
termination of appropriate correction factors
for thick specimens with small diameter ap-
pears to be intractable, an empirical study
vas carried out.

A 2]l-mm thick slice was cut from a 3-in.
(76-mm) alameter pb-type silicon rrystsl with
a nominal room temperature resistivity of

10 Q-cm. Only the central 1.0-1in. (25 mm)
diameter region was used since the radial
resistivity variation in the remalnder of the
slice was judged tv be too great for use.

The resistivity was measured at the center of
the slice with a four-probe arrsy with the
standard (1] 1.59 mm probe spacing. The
slice was fractioned and the resulting slices
were repetitively thinned and remeasured at
the center until the thickness was about 1 mm.
Slices with thickness between about 5 mm and
1 mm were also measured with a probe with nom-
inal 1.” zm spacing. The results, expressed
as the percent difference between resistivicy
calculated from measurements in the thinnast
3lices using eq (2d) and the resistivity cal-
culated using either eq (2d) or (la) as a
function of slice thickness normalized by
probe spacing, are plotted in figure 1.

Although some scatter would be expected since
each of the measured V/I ratios has an uncer-
tainty typified by a relative sample standard
deviation of 0.3 to 0.5 percent, data from a
given slice tended to be g-oupad along s well
defined curve. It can be seen that if eq
(2d) 1s used when w/s < 2.5 and if eq (la) is
used when w/s 2 2.5, errors intrcduced by geo-
uetrical considerations are less than 2 per-
cent provided the measurement is made at the
center of the slice and provided that the
diameter is at least 16 times the probe spac-
ing. Foi larger diameter slices, smaller
errors are expected.

(J. R. Ehrstein and D. R. Ricks)

3.2.  Spreading Resistance Methods

An extensive series of experiments was under-
taken to determine the effect of specimen
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Figure 1. Percent difference between cal-
culated and actual resistivity as a func-
tion of the ratio of the thickness, w, of a
25-mm diameter slice to the probe spacing, s.
(circles: = = 1,59 mm; Squares: s = 1,02 mm;
solid points: calculated from eq (la); open
points: calculated from eq (2d).)

surface preparation and probe material on the
empirical calibration betweer specimen resis-
tivity and spreading resistance. Theae re-
sults are prerequisite to the investigation
of the validity of using bulk silicon speci-
mens to calibrate spreading resistance mea-
Surements on epitaxial silicon wafers.

In the present study specimens were cut €rom
1.5- to 2.0~1in. (38- to 51-mm) diamrter
Czochralski-grown silicon crystals. Fifteen
crystals each of n- and P-type silicon were
grown in the [111] direction and twelve cry-
stals of n-type silicon were grown in the
[100) direction. Crystal orientation was
specified to +3 deg and was not rechecked at
NBS.

Slices 0.25-1in. (6.3 mr; thick were cut per-
pendicular to the growth axis of each crystal
to provide specimens with exposed (111) or
(100) faces. Extra slices 0.12-1n. (3.0~mm)
thick were cut from seven [111] crystals of
each type; these were used to provide speci-
mens with exposed (110) faces by cutting
along the diameter Par liel to the orienta-
tion flat. The slices, except for those cut
from three high resistivity [111] n-type cry-
stals had a resistivity range not exceediug

5 percent between half radius points along a
diameter. The resistivity was mezsured at

e m—
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the center of cach slice by the four-probe
method (see sec. 3.1.); it was judged to be
known to *2 percent except for the slices
with excessive resistivity variation for
which it was judged to be known to *3 percent.
For each set of like orientation and conduc-
tivity type the resistivities were dist~i-
buted relatively uniformly over the range
1073 to 107 Q-cm.

Rectangular parallelipipeds, 0.50-in.
(12.7-mm) long and 0.25-in. (v.3 mm) thick,
were cut from the central region of each
slice along a diameter. The width of the
oriented face varied frum 1. to 3.0 mn de-
pending on the number of slices in the set;
the total width of all specimens in a sel was
about 20 mm. Sets of like orientation and
conductivity type were mounted on & commor
block as shown in figure 2, with the oriented
face upward and arranged so that the resis-
tivity was a somewhat random function »f posi-
tion. The common mounting and partial ran-
domization were to ensure that surface pre-
paration would be as nearly identical for all
specimens in a group and that there would be
no systematic relationship between surface
preparation and resistivity.

Six different surface preparations are being
studied: lap with 5-um alumina, chemical
polish with CP, etch [6], chem-mechanical
polish with slica sol [7]), chem—mechanical
rolish with zirconium silicate [8], mechani-
cal polish with 0.3-.m alumina polish in
aqueous slurry, and mechanical poiish with
0.3-uz alumina in a non-aqueous commercial
thinner designed for diamond polishing. Mea-
surements are being made with four probe ma-

Figure 2. Photograph of typical specimen
block.

terials: tungsten-ruthenium alloy of nominal
radius 0.75 mil (19 um) [9], tungsten carbide
of nominal radius 1.0 mi? /2% um) {10}, os-
mium of nominal radius 1.0 mil (25 um) [11],
and osmium-.ungste: alloy of nominal radius
1.0 mi1 (25 um) [12]. 7Two sets of the last
type of probes wece used; one set was rela-
tively blunt from extensive use while the
other was new and freshly conditioned [13].

A commercial two-probe instrument which de-
terminzs the logarithm of the ratio of the
current through the probes to a current
througa a etandard resistor, each driven by

a conetant, 10-mV source is being used to
make the spreading resistance measurements.
The probes, which are loaded with 45 g, are
stepped across the composite blocks in a di-
rection perpendicular to the long axis of the
parallelepipeds at intervals of 250 um. Mea-
surements are being made on each block for
each surface preparation with each of the
five scts of probes. In additlon, measure-
ments are being repeated on all surfaces pce-
pared with aqueous media (except CP, etch)
following a bakeout at about 160°C for 20 min
in toom air; this bakeout has been observed
to greatly improve the spreading resistance
measurements on p-type specimens with resis-
tivity of 1 l-cm or more [14].

The results obtained so far show no signifi-
cant dependeice of the form of the spreading
resistance-resistivity (Rsp-O) relation on

probe material. This {s illustrated in fig-
ure 3 which shows the results of measurements
with the various probe tips on the (111) n-
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Figure 3. Ratic of spreading resistance, Rsp'
to resistivity, p, as a function of resistiv-
ity as measured with a variety of probe tips
on a (111) n-type silicon surface chem-
mechanically polished with silica sol and
baked out. (@: blunt osmium-tungsten alloy;
O: freshly conditioned osaium-tungsten al-
loy; @: tungsten carbide; O: tungsten-ruthe-
nium alloy; A: osmium.)
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Figure 4. Ratio of spreading resistance, Rgp. to resistivity, o, (logarith-
mic scale) as a function of resistivity es meas'red with freshly conditioned
osmiur-tungsten alloy probe tips on e variety of silicon surfaces chem-
mechanically polished with silica sol end baked out. (@: (lll) =-type; ¥:
(110) n-type; O: (100) n-type; @: (111) p-type; a: (110) p-typa; solid lines
are leest squares fits to the date with paremeters as listed in table 2.)

type silicon surfeces chem-mechanically pol- However, stetistically significent differ-
ished with silice sol end beked ocut. Dif- ences were obmerved between vefers vf verious
fereuces ju absolute velue of the spreading surfece orientetion and conductivity type for
Tesistanca response cen be scen; these eppear all probe materials. Figure 4 end table 2
to be primarily releted to differences in ef- 1llustrate these differences for the cese of
fective contact radius of the various probe neasurements with the freshly conditioned os-

tips.

miun-tungsten alloy tip on surfeces cham-

Table 2 — Linear 2egression Coefficients for Spreading
Resistance Calibration Plots

Total Excluded

A\ a
rtentation Type T 0T st omt s ma Dt
() P 2.926 (.005 -0.020 0.004 15 1-3,15
(1) n 3.290 0.012 -0.011 0.009 15 1,2
(100) n 3.169 n.009 -0.032 0.008 12 none
(110) r 2.872 0.013 -0.036 0.015 7 1.2
(110) n 3.316 0.023 -0.037 0.019 ? none

a -
1 g(Rsp/O) = (btsb) + (mtsm) log o
Ppa-a points (counting from leZtmost point) excluded when Rz, < 10

(see text) axcept for point 15 for case of ('1l1) p-type case which
was apparently high because of inc-mplete prst polish bakeout.
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mechanically polished with silica sol and
baked out. The calibration plots in the fig-
ure are presented as log R'p/p against log p.

As compared with the more usual log R'p

cgainst log o nlots, the present format empha-
sizes both deviations frum linearity in =
given plot and dif{ferences between plote made
for different conditicus.

Discrepancies in linearity of the R.r—o rela-

tionsliip for resistivities below 0.0l Q1cm
are believed to e instrumental in nature.
Shifts in the direction of high s»reading re-
sistance wvere observed for all probe-specimen
combiuations for which the mezsured spreading
resistance was less than about 10 {I. Omne
cause may be an increase {0 seriec resistance
due to spreading resistance into ilhe probe
material., Spreading resistances of 1.5 to
2.5 i have been measured for the probe mate-
rials under .everal conditions. If this is
subtracted from the epreading resistance mea-
sured on silicon specimens, an otherwise lin-
ear relation is generally continued down to
0.001 fi*cm. A second possible cause conceras
the inability of the current source to vper-
ate in the cons.snt voltage mode under the
high current conditions associated with small
résistive loads.'

The response on varfously prepared (111) sur-
faces, both p- and n-type, 1s illustrxated in
figure 5 for the case of the freshly condi-
tioned osmium-tungsten alloy tip. For p-
type material, the response on the various
surface preparations does not appear to be
significantly different except that chem-
mechanically polished specimew.s with re-
sistivity 0.5 Qi*cm or more show large fluc-
tuations unless baked out [14]). (The 60 Q-cm
point on the baked out chem-mechanically pol-
ished surface 1s high because of an incow-
plete bake cycle and should be disregarded.)

1"I'he exact cause of the deviation from lin-
earity at low specimen resistivity should
have virtually no effect on the interpreta-
vion of measurements on bulk specimens hav-
ing the same surface condition as the cali-
bration specimens. However, interpretation
of data on graded or multilayered structures
may well be affected depending onu the algo-
rithm used, and certainly arr cetailed mod-
eling of the spreading resisiance phenomenon,
such as inclusion of pryssure dependent ef-
fects, will be influenced by an understand-
ing of the dependence of measured spreading
resistance upon resistivity.

1

For n-typs material, the cesponse on lapped
surfaces 1s distinctly different fros that om
polished surfaces. On lapped surfaces, with
o- withou? bakeout, a s-rong peak in the ratio
o’ RlP to p is observed for resistivities in

the vicinity of 0.1 Q+cm; the effect is more
pronounced aftsr bakeout. Polished surfaces
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Figure 5. Ratio of spreading resistance, Rsp-
to resistivity, p, as a function of resistiv-
ity as measured with freshly conditioned os-
mium-tungsten alloy probe tips on (1ll) p-
and n-type silicon surfaces prepared in vari-
ous ways. (circles: lapped with S-um alumi-
na; squares: chem-mechanically polished wirh
silica sol; triangles: mechanically polished
with 0.3 um alumina in non-aqueous thinner:
solid points: not baked out; open points:
baked out.)
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Figure €. Ratio of spreading resistance, Reps
to resistivity, o, as a function of resistiv-
ity as measured with freshly conditioned os-
mium-tungsten alloy probe tips on n-type sili-
con surfaces showing extremes of behavior.
(circles: (111) surface; triangles: (110)
surface; squares: (100) surface; solid

points: lapped with S-um alumina and baked,
open points: chem-mechanically polished with
silica sol and baked.)

show a more ‘'early linear response than do
the lapped surfaces, the response of surfaces
chem-mechanically polished in aqueous media
is not improved by bakeout.

Extremes of behavior for three orientations
of n-type surfaces are {llustrated in fig.re
6, the measurements reported were made with
the freshly conditioned osmium-tungsten al-
loy tip. The most nearly linear response
occurs on the chem-mechanically polished
(100) surface; data shown were taken follow
ing bakeout but are essentially the same as
data taken prior to bakeout.

Additional medsurements to complete the ma-
trix are underway; preferred surface prepa~-
ration procedures can better be established
following the conclusion of the experiment.

(J. R. Ehrstein and 2. R. Ricks)

3.3. High-Speed Spreading Resistance Probe

Additional tests were conducted with “he
prototype high-speed spreading resistance
probe (NBS Spec. Publ, 400-19, pp. 10-13).
The response of the instrument was found

12
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to bc excessively roisy under light load
conditiony which are bes: from the stand-
point of probe wear. Tc correct this prob-
lem, hinged probe arm supports, pictured

in figure 7, were deaigned .nd built. Re-
sults of measurements made with the pre-
vious holder suggest that the use of probe
points wich relatively large tip radius
ninimizes both noise and probe wear. The
most suitable tips appear to be those with
a large number of small, uniform micro-
points; one way to achieve this condition
is to dress the points with & stome of 6-
um diamond in an epoxy matrix. Experience
with osmium alloy and tungsten carbide probe
points with tip radius from 1/4 to 6 mil (6
to 150 um) showed that wear occurred prin-
cipally as a result of breakage of micro-
points (so that increasingly larger lcading
was necessary to maintain good electrical
contact) or, unde: heavier loads, shear-
type fracture of larger pieces (resulting
in the formation of deeply gouged tracks).
Small changes in the tip micropoint config-
uration do not appear to have more than a
secondary effect on the relationship be-
tween spreading resistance and resistivity.

A compilation of the hardness of silicon
and a variety of commercially available
point materials is presented in table 3.
It was f,und that the materials which are
softer han silicon, hardened Inconel,
steel, and tungsten, did not make good
contact. The tracks were only faintly
visible and the readings were very noisy.
Points of all materiala harder than sili-
con, tested to date, produced good track
marks vhen the point tips were in good con-
dition.

A Probe tip

B Arm

C Hinge

D Counterweight
E Base

‘Figure 7. Hinged probe-arm assembly.
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Table L — vardess of Probe Tip Materials

Matzriel ldentification Constituents Vickers Hardness® Knopp Hardness®
Inc[:onil 718, hardened nickel-chromium-molybdenum-iron 530 180
15

Tungsten [11] 535 490
Carbon steel [11] 790-870 730-750
Silicon [N] 1150-1400 900-1110
Carballoy 55A [16} 37% tungsten carbide, 133 cobalt 1180-1380 1000-1200
Carballoy 779 [16 911 tungsten carbire, 9% cobait 1300-1400 1150-1250
Osmium Alloy [11) osmium, tunusten, cobalt >1150 >1200
Fidelitone K75 [9 tungs ten-rucheniwm 1650 1500
Carballoy 883 [16 943 tungsten carbide, 6% cobalt 1650-1750 1504,-1600
Carballoy 895 (16 94% tungsten carbide, 6% codalt 2000

“Hardness figures quoted are derived from a variety of sources and were obtained by using
different methods. Therefore comparisons between various materials are not precise and
the Aata given should be used only as a rough guide.

The instrument was shown to respomd to
various surface preparations in a manner
similar to that previously found using a
commercially available stepping-type in-
strument although the traces on the high-
speed instrument were frequently somewhat
noisier. For example, the effects of th»
strong inversion layer om air-dried chem-
mechanically polished p-type (111} sur-
faces were removed by baking in air at

160° to 170°C for 15 min vhile no such ef-
fect was observed on chem-mechanically pol-
ished n-type (100) surfaces. Beveled speci-

mens, prepared by high~speed diamond grinding
[15] showed no distinct step in resistance
vhen traversing from the original surface of
the wafer onto the bevele!d surface. Repeated
traces (slightly displaced) along the diam-
eter of a heavily striated wafer, taken with
an osgium alloy tip of 0.4-mil (10-um) radius
loaded with 60 g, were able to resolve fea-
tures 50 ¢o 100 um in extent. It was possi-
ble to traverse a 3.0-in. (76-=m) diameter,
taking a measurement cvery 250 um, in 5 min
vith a reset time of ’~'/3 min. )
(A. Mzyer$ and N. Goldsmith-)

sHork rerformed at RCA Laboratories under NBS

Contract No. S$-25914. NBS contact for ad-
ditional information: J. R. Ehrstein.
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4, PHYSICAL ANALYSIS METHODS

4.1. Comparative Study of Surface Analysis
Techniques

Several other aspects of the comparative
study of surface analysis techniques (NBS
Spec. Publ. 400-12, pp. 17-18) have been com-
pleted. The boron-implanted silicon specimen
was profiled by secondary ion mass spectrom-
etry (SIMS) using two different instruments,
a direct imaging ion microscope and an ion
microprobe. The specimen was a phosphorus-
dopud silicon wafer with room remperature re-
sistivity in the range 5 to 10 R+cm and (100)
surfaces. The 150-keV !!B implant was mis-
aligned by 7 deg with respect to the [100]
direction to minimize charnelling effects and
then annealed at 1000°C in a non-oxidizing
atmosphere for 1 h to electrizslly activate
the boron.

Both SIMS studies employed an 02+ primary ion
beam for sputtering while positive secondary
ions (!!B*, 30g4*) were collected for analy-
3is. A 5.5-kV gun-to-specimen primary ion
accelerating vnltage was used for the ion
microscope analysis. Thte primary ion beam,
carrying a current of 200 nA, was focussed to
a 100-um beam Jiameter anu rastered over a
square area, 350 um on a side; this technique
produces a crater with a flat bottom ev:n 1if
the current density is not uniform ac-uss

the beam diameter. A machanical azerture in-
serted at the focal plane of the ion micro-
scope was used to si"p-down the secondary ion
collection area to the central 200-um region
of the rrater to eliminate crater wall effects
that rould otherwise obscure the depth pro-
file. The aralyzer slits were set to give a
mass resolution m/Am = 50 at l0-percent val-
lev. The ion microprobe was operated at a
20-kV accelerating voltage with a 35-nA beam
focussed to a 10-um spot and rastered over a
100-um by 80-um ..rea. Electronic gating was
used to restrict the region from which sec-
ondary ions were collected to the central
SO-um by 40-um part of the analysis crater.
The resolution of the mass analyzer was set
so that m/Am = 190 at 10-percent valley.

The boron ccunting rate measured as a func-
tion of time was normalized at every instant
to the silicon counting rate to minimize the
dependence of the boron signal on varfations
in the operating conditions of the instru.nt
and on minor .nhomogeneities in the matrix.
The sputtering time was converted to a depth
scale through the sputtering rate which was
assumed constant and was determined by divid-
ing the final crater depth, measured by stylus
profilometry, by the total analysis time.

14

Both measurements indicated that the peak

of rhe distribution occurred at 390 nm and,
except i1. the tail of the distribution at
large depths (where, bectuse of the low

beron densities involved, {pstrumental ar-
tifacts are expected to play an increasingly
important role), he relative magnitudes
agreed well with each other. The peak loca-
tion, which was expected to remain essential-
ly fixed during the arneal, is much sh "lower
than the value of 570 nm predicted by tne cal-
culations of Johrson and Gibbons {18). How-
ever, other workers [19,20] have also reported
values around 400 nm and recent calculations
{21) give a value of 420 nm. It should be
noted that, because of the absence of cali-
bration standards, only relative density
scales were reported for both measurements.

The profile of the zinc-implanted specimen,
which was much more heavily doped, was mea-
sured by Auger electron spectroscopy (AES)
and x-ray photoeleztron spectroscopy (XPS)
as well as by SIMS. The profiles obtained
are plotted in figure 8. Note that both
scales are normalized. The STMS profile
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Figure 8. Normalized zinc concentration

depth profiles as measured by secondary ion
mass spectrometry, Auger electron spectros-
copy, and x-ray photoelectron spectroscopy.
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was obtained with the ion microscope as de-
scribed above except that 65zn* 1ons were col-
lected for analysis rather than !!B*. The in-
tensities of the zinc 994-eV Auger electron
peak and the zinc 3p3j/, photoelectron peak
were used to infer the profiles in the AES

and XPS measurements, respectively. While
these profiles appear to agree on the normal-~
1zed basis shown, *he pcsition of the peak of
the diatributior, the range straggling, and
the density levels do not agree on an abso-
lute basis. Much of the difference is attri-
buted to differences in the sputter etch char-
acteristics of the crater [22].

Because SIMS is plagued Ly severe matrix de-
pendent variations of the ionization yields
and ill-defined sputtering rates, the true
compositional profile and the measured fata
curve may not bear an exact likeness. lover-
theless, SIMS remaing the most sensitive of
all the profiling uet .ods considered here
with the detection llnits for some elements
reaching into the parts per billion range.

In addition, SIMS can have excellent lateral
resolution (1 um) making it suitable for mi-
croelectronic device anslysis.

By comparison to SIMS, matrix effects in AES
and XPS are relatively minor, although in XPS,

Table 4 — Substrate

matrix effects are adva.tzgeously used to de-
termine the chemical state of the detected
species. The shallow escspe depths (v1 nm)

of the detected electrons make these spectros-
copies ideai for studying impurities on sur-
faces and at interfaces. (A. G. Lieberman)

4.2. Calibration Standards for Ion Micro-
probe Mass Analyses

Ion microprobe mass analyses (IMMA) and neu-
tron activition analyses (NAA) were com-
pleted on the 12 wafers being used for eval-
vation of substrate impurity content (NBS
Spec. Publ, 400-19, pp. 20-22). The results
of the analyses are summarized in table 4.
The neutron activation analyses clearly
showed that the impurities in the substrate
material are well below the detection limits
of the IMMA techrique. The ion microprobe
mass analyses found only a normal background
of 2 to 5 counts per second except for °°P
and 75As, where the SiH" and 51,0% molecular
ions contribute to the signal.

The ion microprobe measurements were made
using the parameters most frequently used
for depth distributions. The primary sput-
ter source was 20-kV 02+ with 30-nA current

Purity Evaluation

Ion Microprobe Mass Analy

sis (counts per second)

Specimen 23Na lp S2Cr 75As 197y
Silicon-1 3 47 ) 3 6
Silicon-3 2 29 3 N 6
Silicon-5 1 18 1 2 2
Silicon dioxide-7 2 32 3 9 3
Silicon dioxide-9 3 27 3 17 4
Silicon dioxide-11 4 32 2 14 4

Neutron Activation Analysis

(parts per million, atomic)

Specimen 23Na 3ip S2¢Cp 75As 197py
Silicon-2 0.001 <1 <5 <0.01 5 x 10-%
Silicon-4 0.001 <1 <5 <0.01 5 x 10-86
Silicon-6 0.001 <1 <5 <0.01 <1.5 x 10°5
Silicon dioxide-8 <2 <1 <50 <0.5 <0.01
Silicon dioxide-10 2 <1 <50 <0.5 <0.01
Silicon dioxide-12 <2 <1 <50 <0.5 <0.01
15
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focussed to a 20-um spot and swept in a 100-
um by 80-um raster. The secondary ions were
detected from the central one-fourth of the
sputtered area using a mass resolution (m/Am
at 10-percent valley) of 190. The secondary
ion counts were collected in groups of 100
ten-second counting periods. The results re-
ported are the mean of each group of 100 di-
vided by 10.

Preliminary measurements on an inftial group
of phosphorus-implanted microvolumes show
that the SiH' molecular interference plays
a major role particularly when the phos-
phorus-implanted region 1s small compared
with the total acceptance area.

(R. Dobrott* and G. B. Larrabee*)

4.3. Electron Spectroscopy Techniques

This task was undertaken to investigate
various aspects of Auger electron spectros-
copy (AES) and photoelectron spuctros-opy
(PES) in conjunction with ion sputter or
other methods of etching as applied to the
examination and analysis of MOS device struc-
tures. Application areas of particular sig-
nificance are the characterization of oxide-
semiconductor interfaces and of the associ-
ated oxide films and the characterization of
metal-metal, metal-oxide, and metal-semicon-
ductor bonds.

Initial efforts in this task are concerned
primarily with investigation of ion profil-
ing phenomena and Auger electron spectros-
copy. In the former area, surface rough-
ness effects, preferential etching effects,
ion beam effects, and effects of contami-
nation in the ion source gas are being
etudied. I the latter, emphasis 1is being
placed on deteruination of electron beam
induced surface damage and extraction of
chemical bonding as well as chemiral com-
position information from the spectra.

Surface Roughness — Study of the roughness of
the crater formed by argon ion sputtering
leadc to the conclusion that surface rough-
ness is not the cause of the observed width
of the silicon-silicon dioxide interface [23].
No roughness was observed at the bottom of
crat:rs formed by a low eneryv, rastered ion

*Hork performed at the Central Research
Laloratories or Texas Instruments Incor-
porated under NBS Contract No. 5-35917.
NBS contact for additional information:
K. F. Galloway.
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beam in silicon dioxide-silicon structures
when they were examined by both scanning elec-
tron microscopy and transmission electron
microscopy (replica technique).

Preferential Etching — It would be expected
and has been observed that preferential
etching 1s most evident in polycrystalline
materials where different crystal faces

etch at differen® rates. The silicon
oxides, on the other hand, are noncrystal-
line. There have been rep:rts of preferen-
tial etching during bc-bardment by high-
energy helium ions during backscattering ex-
periments [24]. However, with argon as the
sputtering io. »¢ energies from 1 to 3 keV
no significant preferential etching effects
have been observed. Possible differences in
sputtering rates on different faces of sili-
con, which would be important in interpret-
ing profiles on the silicon side of a sili-
con dioxide-silicon interface, are being in-
vestigated.

Ion Penetration Depth — An important factor
that enters into the depth resolution of
fuger-ion profiling 1s the penetration
depth of the primary ions. The penetration
depth, or ion ranse, in the solid is a mea-
sure of the exteut of the stirred or altered
surface layer. Although considerable data,
both theoretical [21) and experimental [25],
have been published concerning the range of
ions at energies used for ion implantation,
at energies below 10 keV there is, practi-
cally speaking, no experimental information
and the theory is not well established.

Argon ion penetration was measured for the
(100) orientation of silicon in the erLergy
range 1 to 3 keV typically used for sput-
tering. A specimen was sputtered for 2 min
by means of a 75 yA/cm? argon ion beam, of

a particular energy. The beam strikes the
specimen at an angle of 53 deg with respect
to the surface normal and was rastered to
give uniform current density. In this pro-
cess at least 15 nm is removed. Immediately
after sputtering the argon is pumped out and
replaced with xenon to the same pressure,

5 x 1073 Torr (6.7 mPa). The Ar,, . signal

from the specimen is monitovred as a function
of the Xet sputtering time. The sputtering
rate was taken as 0.5 nm/min at the energy

of 1 keV and the beam current density of

2.5 uA/cm? employed. The time to remove the
implanted argon completely is used as a mea -
sure of the ion range. The results are pre-
sented in figure 9. Both the absolute magni-
tude and the rate of increase are smaller
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Figure 9. Energy dependence of argon ion
range (penetration depth) in [100] direction
of silicon. (Broken line is extrapolated
from ion implantation data on silicon [211.)

than expected from extranolation of data in
the 100 to 1000 keV energy range [21]. This
is attributed to the influence of large angle
scattering at low energies, an effec not
presently included in the theoretical calcu-
lations.

In routine depth profiling experiments, 1-keV
argon ions are employed for sputter etching.
The depth of the perturbed layzr in silicon
is about 0.6 um, which is one of the micro-
scopic limitations on the ion sputtering
technique. Although th: damage depth may be
reduced by using lower ion energy, the de-
crease in sputtering yield results in an in-
tolerable increase in total sputtering time.
Ion penetration depths in silicon dioxide
and silicon nitride are expected to be small-
er than in silicon [21]. In these materials
it 1s hardly possible to otserve the ArKLL

signal under the conditions of the experiment
described sbove.

Ion Stimulated Auger Transitions — For cer-
tain materials, silicon and aluminum for
example, intense, well defined Auger emiss‘on
stimulated solely by the ion beam have been
observed under specific operating parameters.
For other materials, silicon dioxide for ex-
ample, this ion stimulated Auger (ISA) emis-
sion is found to be extremely weak for the
same ion beam parameters. In figure 10 an
Auger spectrum stimulated solely by electron
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Figure 10. Auger spectra from a (100) silicon
surface. (Solid curve: 3.0-keV Ar* ion bom-
bardment only, current = 16 uA; dashed line:
4.5-keV electron bombardment only, current =

S puA; same detection sensitivity for both
spectra.)

bombardment is compared with an ISA spectrum
taken with ion beam parameters favorable for
a large signal. This comparison displays the
distinct differences in the two types of spec-
tra and demonstrates the need for careful se-
lection and matching of electron snd ion beam
parameters to avoid erronzous results during
electron stimulated Auger (ESA) sputter pro-
filing of devices containing elemental sili-
con. Investigation of the ISA yield in sili-
con as a function of the Art ion beam energy
showed that the yield at 1 keV is negligible.
For an ion beam energy of 3 keV, however,

it was found that the ion beam current must
be kept quite small 1f the ISA contribution
from silicon to the Auger spectrum is to re-
main less than 5 percent during sputter pro-
filing with the usual ESA operating param-
eters. This strong dependence of the ISA
yield on ion beam energy provides one with
the ability to eliminate its effects during
ESA sputter profiling ss well as the possi-
bility of using ISA itself as a new tool for
profiling specific interfaces.

Quadrupole Mase Analysis of Impurities in the
JTon Source Gas — A common mode of vacuum sys-
tem operation during sputter profiling in-
volves activating the titanium sublimation
pump and subsequently turning off the iom
pump. This procedure, which results from




PHYSICAL ANALYSIS METHODS

5

a. Sigr; Auger lines obtained at the
correspoading depths as marked below.
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b. OKLL' SiKLLv and Siva'profiles.
Sputtering rate: - .7 nm/min.
Figure 11. Chemical ..epth profiles through

about 100 nm of silicon dioxide thermally
grown on a (100) silicon surface.

the physical conrfiguration of many common
ultra high vacuum (UHV) systems, allows one
to fill the chamber with inert gas, in this
case argon, to the sputter operating pres-
sure (v5 x 105 Torr) while the fresh titan-
ium film getters the reactive impurity gases.
Titanium at room temperature does not, how-
ever, pump the methane which is produced upon
extinguishing the ion pump. Methane pressure
in the baked UHV chamber varied from 3 to 15
percent of the total pressure in the chamber;
the remainder wss almost entirely argon ex-
cept for a small quantity of helium. Al-
though carbon contamination can bz a severe
problem in eurface analysis, no effect of
methane on the Auger spectra or on the depth
profiles was found for the customarily em—
ployed electron and ion beam operating
parameters.
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Electron Beam Induced Surface Damage — The
electron stimulated desorption of oxygen in
silicon oxides was studied under a variety
of conditions [26,27]. 1In general it was
found that primary beam interactions in AES
anslysis depend on the chemical composition
of the specime . under investigation and its
pre-hiastory. It was also found that beam in-
teractions m'y be minimized by a suitable
choice of p.imary beam parameters such as
energy urd flux. A total exposure of up to
1019 2-key electrons per square centimeter
appeared to leave the surface, practicslly
speaking, virgin although not untouched.

Chemioal Shift Studies — Chemical shifts were
observed in the silicon KLz, 3Lz, 3 Auger tran-
sition in unsaturated silicon oxide films
vapor deposited on silicon [28]. These re-
sults are intarpreted [29) as supporting the
microscopic mixturz model [3.] in preference
to the random bonding model [31) for the
chemical structure of unsaturated silicon
oxidas. Chemical shifts of Auger lines have
proven very useful in analysis of interfaces
as they appear in chemical depth profiles of
lsyered structures [23]. A typical depth
profile is shown in figure 11. liere a

100-nm thick oxide thermally grown on a (100)
face of silicon has been sputtered through,
and peak-to-peak heights of the SiKLL’ OKLL’

and Siva lines sre plotted rs a function

of sputtering "ime. Knowing the rate of
sputtering, 7.7 nm/min in this case, the
time scale can be converted to distance or
depth into the specimen. The bulk of the
oxide layer shown in the figure is homoge-
neous silicon dioxide, S10,. However, at
the 1.cerface, the stoichiometry appears to
be 51ox. vhere x < 2, This is demonstrated

by the dip in the SiKLL profile, caused by

the presence of silicon atoms in two chemi-
cal states. The SiKLL lines plotted above

the depth profiles in the figure show how
the 1611 eV line decays and the 1618 eV line
grcws as the interfacc is sputtered through.

A closer examinstion of the interface region,
1°'Qure 12, shows thst the silicon atoms
change their chemical state in sn orderly
fashion over a spatial extent of about 8 nm.
The interface in the figure sppears to be
wider tnan the "real" interface due to es-
cape depth and ion beam effects. When these
effects are taken into accouut, one arrives
at a '"real" interface width on the order of
3'nm. Based on this experimental data and
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a. Model of morphology of interface.
Dotted areas are connective regions be-
tween silicon, shown as black areas, and
silicon dioxide, shown as areas with ver-
tical lines. The broken vertical lines
indicate the electron escape depth at
1600 eV.
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b. Depth profiles showing the falloff

of the OkpL line and the change from the
1611 eV to the 1618 eV Siygpy line through
the interface region. One division on
the horizontal scale is equivalent to 1.9
nm.

Figure 12. Details of ‘nterface region.

on the transpor: properties of MOS-channel
devices, a model of the chemical structure
and the morphology of the oxide-silicon inter-
face was formulated {32]. A sketch of this
model is shown at the top nf figure 12. The
black areas represent siliconm, the areas wit'.
thin vertical .ines represent silicon dioxiue,
and the dotted areas represent connective re-
gions between the silicon and the silicon di-
oxide. The vertical broken lines irndicate
the escape depth of 1600 eV electrons.

(J. S. Joharnessent§, W. E. Spicer?,

P. E. Lusher'. and Y. E. Strausser’)
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4 4. Sodium Contamination Studies

Sodium and other alkali contaminanta are
known to have a deleterious effect on the
electrical behavior of microelectronic de-
vicea. Thus, the impurity content of procesa-
ing materiala used for semiconductor device
fabrication must be carefully controlled.
Flame emisaion apectrometry has baen used as
a meaaurement technique for cetermianing lev-
els of contamination in proceaaing mat.rials
[33-36]. New reaults have recently been ob-
tained using thia technique to measure the
sodium trace contaminatio: in a variety of
typical commercial electronic grade materials.

The instrumentation used for the m:asurements
has been described in detail elsewhere [37].
Briefly, it consists of a flame emission
spectrometer which scans repetitively a nar-
row region of the optical spectrum while the
second derivative of the output light inten-
sity signal is measured. Using this tech-
nique, matrix spectral interferences are mini-
mized and very small samples can be used.

The minimum detectable quantity of sodium was
estimated to be in the range of 100 pg/ml with
a precision of *25 percent or better at this
level. The minimum specimen volume used for
analysis was spproximately 100 ul. Purified
spoctroscopic grade reagents and TFE fluoro-
carbon containers were used for preparing the
specimens analyzed. Blank solutions were
carefully checked and all intermediate opera-
tions for the analysis were controlled t%
prevent transport of sodium from the ambiett
into the analyzed specimen. Fresh sodium
standard solutions were used for calibrations
both before and after each specimen analysis.

+Nork performed at Stanford Electronics Lab-
oratories of Stanford University under NBS
Contract No. 5-359u4. Partially funded by
Army Research Office, Research Triangle
pPark, N.C., under contract No. DAHC 0u74 G
N215. NBS contact for additional informa-
tion: K. F. Galloway.

§Partially supported by Electronics Research

Laboratory, University of Trondheim and the
Royal Norwegian Council for Scientific and
Industrial Research.

'Hork performed at the Surface Analysis Lab-
oratory of Varian Vacuum Division under sub-
contract to Stanford University.
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Table 5 — Sodium Trace Contamination Measurements
by Flame Emission Spectrometry

Sample Present Results

Yurash-Deal Knolle

(Electronic Grade Puri ty)

(35,36]

(ug/m] [ug/g]  [Lg/m] (,9/m1]

Acetone 0.0008 0.010-0.050 0.007
Ammonia (NH; 28-30¢%) 0.008 0.007
Buffered Etch for Silicon

Dioxide 0.1
Hydrochloric Acid (37-38%) J.5 0.015
Hydrofluoric Acid (49%) ks 0.150 0.019
Hydiogen Peroxide (30-32%) 0.25 0.995
Methanol 0.38 0.174
Nitric Acid (70-71%2) 0.72 0.087
Water (deionized, 18 Ma-em)  <0.0001 0.0004 <0.002
Arsenic Spin-on Solution 0.24
Phosphorous Spin-on Solution 0.34
Positive Photoresist 0.05
Aluminum Pellet 0.7
Aluminum Film (0.5 um thick) 7
Tungsten (Resistance Heater

Wire) 1.5

A pressure stabilized air-acetylene or
oxygen-hydrogen flame was used.

Table 5 presents some typical results of the
rresent measurcments along with some pre-
viously reported data alsv cbtained using
flame emission spectrometric techniques.
There are no obviocus trends detected when

the current experimental results are com-
pared with those reported earlier. In gen-
eral, solvents exhibited lower sodium levels
than acids. The sodium content of deionized
water (18 Mi-cm at 25°C) was lower than the
detection limit of this experiment. Alumi-
nunm used for metallization exhibited sodium
bulk contamination in the 0.5 ug/g range as
received from the vendor. The sodium concen-
tration measured in a 0.5-um thick film of
aluminum, e-gun evaporated on a silicon diox-
ide layer thermally grown on a silicon wafer,
was v7 ug/g, which suggests that the contam-
ination level is increased by the metalliza-
tion process,.

No attempt was made to investigate the rela-
tionship between sodium content in process-
ing materials and the sodiws _oatent in a
finished device. Obviously, various materi-
als contribute different amounts of sodium,
but an appropriately controlled experiment
to examine this effect would be difficult
because sodium is present to some extent in
nearly every processing material. However,
flame emission spectrometry provides a sen-
sitive technique for monitoring sodium con-

tent in processing materials and can be
applied in process control. efforts.
(S. Mavo and T. C. Rains¥)

4.5. Optical Test for the Surface Quality
of Sapphire Substrates

As a basis for all optical measurements, it
is important to know how the optical con-
stants n (the refractive index) and k (the
absorption index) vary in the optical region
of interest, which is generally a region of
high absorption. These constants express
dispersion and absorption processes in quan-
titative terms. As these pProcesses are dis-
torted, shifted, or otherwise changed by in-
troduction of lattice damage, the values of
n and k can be used to measure qusntitatively
the degree of change in the lattice modes.
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